A blade forced response prediction system has been developed using an implicit 2D CFD solver to model the rotor blade forced response due to the static pressure distortion (potential disturbance) from the downstream stator vanes and struts. The CFD solver predicts the static pressure distortion upstream of the stator vanes and struts, which is used to calculate the induced velocity perturbation at the rotor inlet. Using the velocity perturbation and the blade's natural frequencies and mode shapes from a finite element model, the unsteady aerodynamic modal forces and the aerodynamic damping are calculated. A modal response solution is then performed. The results show that the stator vanes cause a significant amplification of the potential disturbances due to the struts. Effects of strut and vane modifications are examined using the analysis. A vane modification with an "optimized" flow angle distribution shows that the disturbance can be greatly reduced. Recent testing of the strut modification shows exceptional correlation with the prediction.
ABSTRACT
A blade forced response prediction system has been developed using an implicit 2D CFD solver to model the rotor blade forced response due to the static pressure distortion (potential disturbance) from the downstream stator vanes and struts. The CFD solver predicts the static pressure distortion upstream of the stator vanes and struts, which is used to calculate the induced velocity perturbation at the rotor inlet. Using the velocity perturbation and the blade's natural frequencies and mode shapes from a finite element model, the unsteady aerodynamic modal forces and the aerodynamic damping are calculated. A modal response solution is then performed. The results show that the stator vanes cause a significant amplification of the potential disturbances due to the struts. Effects of strut and vane modifications are examined using the analysis. A vane modification with an "optimized" flow angle distribution shows that the disturbance can be greatly reduced. Recent testing of the strut modification shows exceptional correlation with the prediction.
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INTRODUCTION
Turbomachinery blades are susceptible to nonuniform flows generated by inlet distortion, wakes, and pressure disturbances from adjacent blade rows. Large unsteady aerodynamic loads can be experienced by the blades when they pass through these flow nonuniformities or flow defects. When the frequency of these unsteady aerodynamic loads matches the blade natural frequency, blade failures can result.
The three primary types of flow defects that cause forced response problems in turbomachinery blading are: inlet distortion, wake disturbances, and potential disturbances. This paper describes an investigation of compressor blade response due to potential disturbances from downstream stator vanes and frame struts. Figure 1 is a schematic of the blades along with the downstream stator vanes and struts. Based on the axial distance between the rotor and the struts, the potential disturbance from the strut reaching the rotor was expected to be minimal. However, experience has surprisingly shown that there can be a significant blade response. A forced response prediction system was developed to analyze the blade response. The analysis shows that the stator vanes between the rotor and the strut cause a significant amplification of the potential disturbance from the struts.
The blade forced response prediction system was extended from a previously developed system (Chiang & Kielb, 1992) , which consists of three parts: 1) flow defect modeling, 2) unsteady aerodynamics for gust response and aerodynamic damping, and 3) aeroelastic modal solution for blade response. The flow chart for the system is shown in Figure 2 .
Static pressure distortions can be reasonably modeled using inviscid CFD methods or they can be measured in a test. Unlike inlet distortions and wake disturbances which always come from upstream, potential disturbances can propagate either upstream or downstream. Potential disturbances have been modeled either with classical small disturbance theory (Kemp & Sears, 1953 , Osborne, 1973 , Taylor & Ng, 1987 , and Korakianitis, 1988 or with CFD methods using potential, Euler, and Navier-Stokes solutions (O'Brien, Ng, & Richardson, 1985) . In this paper, potential disturbances from downstream stator vanes and struts were modeled using an implicit 2D CFD solver which incorporates a finite volume form of the continuity equation, and an integral form of the cross-stream momentum equation. It was formulated to ensure an accurate spatial representation of entropy and stagnation enthalpy.
The predicted static pressure distortion upstream of the stator vanes and struts at the rotor exit plane was assumed to be at the rotor inlet to calculate the induced velocity perturbation. Using the velocity perturbation, and the blade's natural frequencies and mode shapes from a finite element model, the unsteady aerodynamic modal forces and the aerodynamic damping are calculated. The unsteady aerodynamic models for gust response and aerodynamic damping are based on Kirsch's (1990) classical 2D kernel function approach for subsonic flows. This method is similar to that of Whitehead (1970) and uses the "frozen gust" assumption.
A modal aeroelastic model was utilized to simulate the 3D aeroelastic effects by calculating the unsteady aerodynamic loads on 2D strips which are stacked along the span of the blade from hub to tip. This model assumes a "tuned" rotor such that all the blades in the rotor have identical frequencies and mode shapes (i.e., no mistuning effects are included). The system predicts the blade modal response and the vibratory blade stress for comparison with measured data This paper provides a basic description of the system, which includes: 1) CFD model for the pressure disturbance, 2) a kernel function solution technique for unsteady aerodynamics, and 3) a modal aeroelastic solution using strip theory. This analysis technique was then used to study the effects of strut and vane variations which resulted in a vane modification which greatly reduced the potential disturbance.
FORCED RESPONSE MODELING
The forced response prediction system was based on an earlier system developed by Chiang and Kielb (1992) , which can model blade forced response due to inlet distortion and wake/shock excitation from upstream. In this paper, this system was extended to incorporate a CFD solver to model the static pressure distortion from downstream.
The system starts with the well-known dynamic equations of motion, which can be expressed as a system of equations for the n degrees-of-freedom of the system: [G] , and [K] matrices represent the mass, damping, and stiffness properties of the blade with {X} being the n degree-of-freedom displacements. The forcing terms on the right-hand side of equation (1) represent the motion-dependent unsteady aerodynamic forces {Fm(t)} and the gust response unsteady aerodynamic forces {Fg (t)}.
As shown by Chiang and Kielb (1992) , equation (1) can be converted into a modal coordinate system using the modal displacement {Q} defined by
{X(t)} _ [^]{Q}e', (2)
where [0] and w are, respectively, the mode shape and frequency. The resulting modal equation of motion becomes
-w2[Mm]{Q} + im[Gm]{ } + [Km]{} _ [0]T([A]{Q} + {Fg}), (3)
where [A] can be obtained using the unsteady aerodynamic program with input of mode shapes and frequencies provided by a finite element vibratory analysis. The gust response {Fg } is calculated using the same unsteady aerodynamic program with input from a flow defect model.
FLOW DEFECT MODEL
To predict dynamic stress levels, flow fields must be identified and analyzed to formulate proper definition of relevant flow defects. In this paper, the potential disturbance due to downstream stator vanes and struts is considered, and is modeled i using an implicit 2D CFD solver. The CFD solver had been developed to solve the quasi-3D (2D with area variations in the third dimension) flow field in an aircraft engine fan frame including the OGV's, and is described in detail by Turner & Keith (1985) . The geometry of the OGV fan-frame configuration is very similar to the vane-strut problem analyzed in this paper. However in the fan frame problem, variations in total pressure, total temperature, and angle are determined from a rotor characteristic and the circumferential variations in static pressure at the fan trailing edge plane. The flow solver can therefore solve rotational flow fields, although the analysis shown in this paper is for potential flow fields.
The solver is essentially a fixed grid analog of the streamline curvature method. The streamline curvature is made up of the grid curvature and one of the derivatives of velocity. This derivative of velocity is actually an unknown in the equation system along with the two velocity components.
The equation system includes a finite volume form of the continuity equation, an integral form of the cross-stream momentum equation, a spline-like equation which relates a velocity component with its derivative, and the boundary conditions. The streamwise momentum equation and energy equation are solved by convecting total pressure and total temperature along streamlines. This equation system is then solved implicitly using Newton's method which provides fast convergence and allows for many options in boundary condition treatment.
To analyze a flow field with many airfoils and passages in a timely manner, the solver needs to accurately predict the flow details with a relatively coarse mesh. This is achieved with the current solver for the following reasons:
1. The streamline curvature, including the curvature along the blade surface, is calculated with high-order-accurate cubic splines and directly integrated in the cross-stream momentum equation. This allows much coarser grids to represent the curvature than a finite differences approach would. Also the integration is a combination of analytical and numerical integration which provides more accurate results than a purely numerical approach, 2. Entropy and rothalpy are conserved along streamlines. This eliminates the requirement of fine leading edge grid resolution, 3. The numerics are second-order-accurate for uniform and non-uniform grids, and 4. No artificial viscosity or damping terms are required in subsonic flow regions. However "artificial compressibility" is used to stabilize the algorithm and capture shocks in supersonic regions.
The implicit approach has allowed for many different boundary conditions to be applied including a "design option" mode for which results are presented later in the paper. At the inlet, rather than specifying a prescribed flow angle, the circumferential average flow angle is specified along with the specification that the static pressure at this inlet plane is uniform (this is the desired property to minimize distortion). The flow angle which meets this specification is then calculated. A stator vane row can be designed to approximate this flow angle distribution which has the effect of nearly eliminating the static pressure distortion.
ANALYTICAL MODEL OF PRESSURE DISTURBANCE AMPLIFICATION
In this study, the axial distance between the blade trailing edge and the strut leading edge is about two chord lengths of the blade as shown in Figure 1 . With this axial distance, the potential disturbance from the strut reaching the rotor was expected to be minimal, assuming an exponential decay. However, as demonstrated by the flow defect analyses, the stator vane between the rotor and the strut actually amplifies the potential disturbance from the strut as shown in Figure 3 . The amplification factor can be defined as:
This amplification phenomena can be explained using a simplified analytical model.
Although the use of a CFD solver can provide answers for complicated geometry, physical mechanisms are often understood better if the problem is simplified. Further understanding can result if the mechanism is reduced to a pure analytical formulation. In this analytical model, the problem is simplified by treating the row of stator vanes as an actuator disk, and determining the amplification factor first for incompressible flow, and then accounting for compressibility.
The stator vane row is treated as an actuator disk as shown in Figure 4 . The actuator disk concept assumes there are an infinite number of infinitesimal blades which all turn the flow to an angle of a2 . A loss mechanism can be prescribed, but for this case it will be assumed that the total pressure is constant across the actuator disk. Essentially a downstream strut imposes a disturbance in pressure at the trailing edge of the stator. The pressure at station 2 is then
If the pressure at station 1 can be determined such that 
then the amplification factor across the actuator disk is
Bernoulli equation relates the pressure and velocity at each station:
The continuity equation is
Vz1 = Vz2
(10) or Vl cos a l = V2 cos a2 .
If equations (5), (6), (8), and (9), are differentiated, the following expression can be obtained:
If equation (11) and its derivative are substituted into equation (12), then
This result demonstrates that for incompressible flow, the amplification factor is strictly a function of the inlet and exit angles. For an outlet guide vane where a2 = 00 and ai = 300, AF = 1.3333. From this derivation, it can be seen that it is the nonlinearity of the pressure-velocity relation and conservation of mass which cause the disturbance amplification.
moressible Flow
Compressibility complicates the analysis somewhat because density is no longer constant, and a closed form solution is no longer possible. However a similar derivation can proceed using numerical solutions to the equations and numerical differentiation to produce a graphical result.
For compressible flow, the energy equation is needed. Since there is no work done, the total temperature is uniform. The static temperature is related to the velocity squared:
The Mach number is defined as
V2
Mz
The pressure is related to the Mach number and total pressure by
(
The density is defined by the ideal gas law:
p2 RTZ
The continuity equation is Q1 V1 cos a 1 = p2V2 cos a2 .
A procedure was set up which for a given M2 , ai , and a2 , then P2 , Pl , and Mi would be determined iteratively using the equations shown. The same procedure was run for M2+0M2 so the changes 6P1 and 0P2 could be determined numerically.
The amplification factor is then
6P2
Figure 5 shows these amplification factors for P T =14.7 psi, TT =560°R, Y = 1.4 a2 = 00 , ai varying between 10° and 50°, and as a function of the inlet Mach number Mi . As the inlet Mach number goes to 0, these results are the same as the analytic incompressible results presented previously.
For the case presented in the paper, the amplification factor using this analysis would be 1.6. However from the CFD calculation, it was determined to be 1.33 across the stator. This shows that the actuator disk theory can demonstrate the mechanism, but over-predicts the amplification factor because some attenuation can occur since the chord is finite and the solidity is not infinite.
UNSTEADY AERODYNAMICS
Once the circumferential flow defects are obtained, they are transformed into the rotating blade coordinate system and Fourier transformed for the desired harmonic. In particular, the predicted static pressure distortion upstream of the stator vanes and struts which is at the rotor exit plane is assumed to be at the rotor inlet and then transformed into the rotating blade coordinate system. With the static pressure distortion data as input, a harmonic analysis program is run to Fourier transform the distortion into unsteady velocity perturbations for the harmonic components of interest. The unsteady velocity perturbation (gust) is then calculated and input to an unsteady aerodynamic program which calculates the gust induced unsteady aerodynamic forces acting on the blade row, i.e., the unsteady aerodynamic loading.
Both the unsteady aerodynamic loading {Fg } and the aerodynamic damping [A] are calculated utilizing classical 2D kernel functions in a strip theory calculation for subsonic flows (Kirsch, 1990) . With the velocity perturbation provided by flow defect models, and the blade mode shapes and frequencies provided by a finite element model, the system calculates the modal unsteady aerodynamic loading due to the flow defects as well as the aerodynamic damping. For the unsteady aerodynamic loading, the unsteady aerodynamic model assumes the velocity perturbation (gust) is convected by the free stream and is not deformed by the blade row (i.e., the frozen gust assumption).
MODAL AEROELASTIC SOLUTION
The structural damping [Gm] can be determined from previous experience or with measured data. With the above unsteady aerodynamic loading {Fg}, the motion-dependent unsteady aerodynamic forces [A] , and the structural damping [Gm ] as input, the blade modal response can be calculated using equation (3) :
{} _ [-w[Mm] + iw[Gm ] + [Km] -[^]T[A]]-l[^]T{Fg}. (24)
The blade modal response {Q} can be used to calculate the vibratory blade stress using the modal stress information.
RESULTS
This forced response prediction system was applied to investigate a compressor rotor in which the first flex mode of the rotor blade was excited by the six downstream struts at the 6/rev crossing speed.
Baseline Potential Disturbance
The implicit 2D CFD solver was used to model the static pressure distortion reaching the rotor trailing edge from the stator vanes and the struts. This was accomplished by considering both the stator vanes and the struts without the rotor. The stator vane row has 114 vanes and there are six struts (one "king" strut and five nominal struts). By assuming six nominal struts to further simplify the case, the CFD solver was used to model a 60° sector which consists of one nominal strut and 19 stator vanes. The stator vane and strut configuration and the computational grid are shown in Figure 6 . The vertical line in Figure 6 is the rotor trailing edge location. The CFD solver was run at the resonant speed where the flow is subsonic. The circumferential static pressure distribution at the rotor trailing edge was generated and Fourier decomposed as shown in Figure  7 . The 6/rev component of 0.66 psi is significant enough to excite the rotor blade at resonance.
Stator Vane Effects
The stator vane effects are demonstrated by running the CFD solver with and without the stator vanes, and also by imposing different inlet conditions to simulate the vane inlet and strut inlet conditions. These vane configurations are shown in Figure  8a . Both circumferential static pressure distributions at the rotor trailing edge are presented in Figure 8b . As can be seen, the stator vanes cause a significant amplification of the pressure disturbances due to the frame struts. The Fourier decomposition shows that a fourfold increase in the 6/rev strut potential disturbance is caused by the stator vanes.
Stator Vane Modifications
The CFD solver has an option to determine the flow angle distribution entering the struts which will minimize the potential disturbance propagating upstream. This is done by running the CFD solver without the stator vanes and determining the flow angle distribution at the strut inlet which yields a uniform static pressure at this plane. This "optimum" flow angle distribution is compared with the baseline actual flow angle distribution in Figure 9a . According to the optimized flow angle distribution, it appears that you need to guide the flow around the struts. Therefore, each stator vane was rotated (i.e., the stagger angle modified) between -3° to + 4° trying to match the optimized flow angle distribution. The resulting flow angle distribution was obtained by running the CFD solver using the rotated stator vanes, and compares well with the optimized flow angle distribution, as seen in Figure 9b . The baseline and optimized configurations are shown in Figure 10a . The resulting circumferential static pressure distribution at the rotor trailing edge for the rotated vane case was compared with the baseline case in Figure 10b which shows the 6/rev component reduced by 92% from the baseline. Figure 11 shows the axial static pressure distributions along the stator vane surface grid lines for the rotated stator vane case and the baseline case. As can be seen, the loading on the modified stator vanes was much more uniform from vane to vane than the baseline stator vanes and therefore has much less circumferential pressure variation or potential disturbance.
Splitter Effects
As shown in Figure 12a , a 42% scaled strut was added between the nominal struts to make a 12 strut configuration. The purpose of adding a splitter is to reduce the 6/rev potential disturbance. The resulting circumferential static pressure distribution at the rotor trailing edge with the splitter was compared with the baseline case. Figure 12b shows that the 6/rev component is reduced by 33% from the baseline. However, as expected, it increased the 12/rev component from 0.16 psi to 0.26 psi.
Strut Cut Back Effects
To simulate the strut cut back effects, the axial distance between the stator vanes and the struts was increased by 75% from the baseline case as shown in Figure 13a . Shown in Figure  13b is the calculated circumferential static pressure distribution at the rotor trailing edge for the strut cut back case compared with the baseline case. As a result of the strut cut back, the 6/rev component was reduced by 42% from the baseline.
Flow Defect Study Summary
The following table summarizes all the above strut/vane modifications as potential methods to reduce the 6/rev potential disturbance. The finite element model is shown in Figure 14 . The Campbell diagram of this blade in Figure 15a shows how the first flex mode crosses 6/rev at resonant speed. The first flex mode shape as shown in Figure 15b and the blade natural frequency are input to the motion-dependent unsteady aerodynamic program to calculate the resulting aerodynamic damping.
Unsteady Aerodynamics
The flow field for the rotor blade is subsonic. The reduced frequency is 0.24 to 0.25 for the first flex mode and the interblade phase angle is 331.6° for the 6/rev backward travelling wave mode.
With the velocity perturbation provided by the flow defect model and the blade mode shape and frequency provided by the finite element model, the unsteady aerodynamic program calculates the modal unsteady aerodynamic loading due to the flow defects as well as the aerodynamic damping.
Blade Response
The blade modal response was calculated for the baseline condition. The modal response was then combined with the finite element dynamic stress solution to predict the blade stresses at the strain gage locations for the baseline case. The predicted response was compared with the strain gage data to calculate the structural damping.
Strut Cut Back Test
To verify the analysis prediction, a strut cut back test was run to provide data. A pre-test analysis was performed to predict the stress reduction due to the strut cut back. With the circumferential static pressure distribution as input, the forced response analysis predicted a 25% stress reduction. Testing shows a 27% stress reduction which is excellent correlation with the prediction.
SUMMARY AND CONCLUSIONS
An analysis system developed to predict compressor rotor blade forced response due to downstream stator vanes and struts has been presented. The forced response prediction system is an extension of a system developed earlier which incorporates an implicit CFD solver to model static pressure distortion from downstream. The description of the potential disturbance flow defect is obtained from the CFD model. The finite element method is used to provide the mode shapes and frequencies for the blade motion. With structural damping determined from previous data, the system predicts the blade forced response.
The results showed that the stator vanes cause a significant amplification of the pressure disturbances from the frame struts. Effects of strut and vane modifications were examined using the analysis. A vane modification with an "optimized" flow angle distribution shows the disturbance can be greatly reduced. Recent testing of the strut modification shows exceptional correlation with the analysis prediction. 
